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Abstract: Midnolin (Midn) is a developmentally regulated nucleolar protein that was originally identified in the mesencephalon of
developing mouse embryos. Additionally, Midn expression was detected in various adult tissues and was associated with glucokinase
activity in pancreatic beta cells and with the regulation of folliculogenesis in ovaries. In this study, our aim was to analyze the expression
and function of the Midn gene in cardiomyocyte cells. We constructed a primary neonatal mouse cardiomyocyte cell culture and
analyzed the expression of possible Midn-associated genes after short interfering RNA (siRNA)-mediated gene silencing for Midn. After
24 h of silencing, we observed that the expression level of Bat3 was significantly increased (1.69-fold, P = 0.04). As a result, we have
detected a suggestive gene that might act in the common cellular pathways with Midn in cardiomyocyte cells.
Key words: Midn, cardiomyocyte, siRNA, Bat3, Nedd8, Ubc

1. Introduction
Differentiated gene expression reflects the structural
and functional characteristics of the studied cells or
tissues. In adult tissues as well as during developmental
stages, up- and downregulated genes orchestrated by
various cellular pathways constitute the functional and
structural organizations of tissues and organs. However,
the alterations in tissue-specific gene expressions or
dysregulation in downstream cellular regulation levels
might cause pathologies leading the formation of many
diseases, including cardiovascular diseases (Calore et al.,
2015; Elia and Condorelli, 2015).
Midnolin (Midn) is a developmentally regulated
nucleolar protein that was originally identified in the
mesencephalon of developing mouse embryos (Tsukahara
et al., 2000). In whole-month in situ hybridization studies,
the expression of the Midn gene was detectable after day 7.5
postfertilization (E7.5) with an interval between E14.5 and
the adult stage. However, in adult mice, Midn expression
was detected in many tissues, especially in heart, lung,
liver, and kidney tissues. Interestingly, in these tissues no
expression was observed in embryonic stages (Tsukahara
et al., 2000). These findings suggest that expression of
Midn was regulated by different mechanisms in embryonic
and adult tissues. Additionally, differential expression of
the Midn gene was observed in theca cells of the ovarian
follicle and it was postulated that the Midn transcript
* Correspondence: ozsaitb@istanbul.edu.tr

could have a role in the regulation of folliculogenesis and
in the determination of the dominant follicle in ovulation
(Zielak et al., 2008). Furthermore, in a recent publication,
a new role was attributed to Midn and it was revealed
that midnolin protein was colocalized with glucokinase
in pancreatic beta cells and expressed in the nucleus and
cytoplasm in adult tissues (Hofmeister-Brix et al., 2013).
However, in this study the authors were not able to confirm
the localization of the protein in nucleoli (HofmeisterBrix et al., 2013). In the same study, the authors suggested
that midnolin functions in the cellular signaling of adult
tissues and thereby regulates the glucokinase activity in
pancreatic beta cells (Hofmeister-Brix et al., 2013). All this
evidence suggests that Midn protein functions in various
regulatory processes in different tissues. However, which
proteins Midn interacts with during its involvement in
these regulatory pathways is not clear yet. In previous
studies, Midn gene expression was detected in many adult
tissues (Tsukahara et al., 2000), though its function was not
investigated in these tissues and neither was its potential
role in heart tissue.
Subtractive hybridization is a valuable approach in
order to determine the differences between cells or tissues
at the gene expression level (Diatchenko et al., 1996;
Komurcu-Bayrak et al., 2012). To identify heart-specific
transcripts, a subtractive hybridization cDNA library
(SHL), which was specific to adult BALB/c mouse heart
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tissue, was constructed in our previous studies (KomurcuBayrak et al., 2012). In the next experiments, selected genes
form this library were analyzed in embryonic, neonatal,
and adult stages (Özsait Selçuk, 2003; Komurcu-Bayrak
et. al., 2012). In this study, we complemented this work by
functional analysis of the Midn transcript isolated from the
SHL. After silencing of the Midn gene in neonatal mouse
primary cardiomyocyte cells, we investigated possible
associated genes of Midn and identified a suggestive gene,
namely Bat3.
2. Materials and methods
2.1. Identification of midnolin transcript from a heartspecific cDNA library
Among many transcripts, the Midn transcript was
previously isolated from a heart-specific SHL and data
of our previous work were given elsewhere in detail
(Komurcu-Bayrak et al., 2012). Briefly, we analyzed the
data from the SHL by comparative screening through
nucleotide and protein sequences in a gene database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). In order to
classify the obtained transcripts for their molecular
functions and cellular components, we used data from
the Gene Ontology database (http://amigo.geneontology.
org/), NCBI Entrez database (http://www.ncbi.nlm.
nih.gov/sites/entrez), Ensembl (http://www.ensembl.
org), Mouse Genome Informatics (MGI, http://www.
informatics.jax.org), and Functional Annotation of Mouse
(FANTOM,
http://www.gsc.riken.go.jp/e/FANTOM).
Multiple alignments of clone sequences and human and
mouse transcripts were performed by using the programs
BLAST and T-COFFEE (Di Tommaso et al., 2011).
2.2. Pathway analysis and prediction of Midn-associated
genes
In order to identify the associated genes of Midn, we
performed pathway analysis using the supplied databases
and algorithms of MGI, KEGG (Kyoto Encyclopedia

of Genes and Genomes, http://www.genome.jp/kegg/),
Biocarta (http://www.biocarta.com/), ProteinLounge
(www.proteinlounge.com), STRING (http://string-db.
org/), and FuncBase (FooFunc Viewer) (http://func.med.
harvard.edu and http://func.mshri.on.ca/).
2.3. Animals and tissues
The animal application procedures were approved by
the Local Ethics Committee for Experimental Animals,
Institute for Experimental Medicine, İstanbul University
(3.01.2006, No: 05). Adult BALB/c mice heart and skeletal
tissues were dissected just after euthanasia. Tissues were
rinsed twice in ice-cold RNase-free PBS and then snapfrozen in liquid nitrogen and stored at –70 °C until RNA
extraction.
For cell culture, 8-week-old BALB/c mice were bred
simultaneously and a total of 42 neonatal BALB/c mice
heart tissue samples were obtained from decapitated mice
up to 48 h after birth.
2.4. Isolation and culture of primary neonatal
cardiomyocytes
We established a modified protocol for isolation of neonatal
cardiomyocyte cells (Özsait Selçuk, 2010) based on other
studies performed on rats or mice (Nuss and Marban, 1994;
Salameh and Dhein, 2005; Schlüter and Piper, 2005; Sreejit
et al., 2008). All procedures were performed using sterile
equipment and under a class II laminar flow cabin suitable
for cell culture when needed. The optimized isolation and
culture protocol is given in the Appendix. After selection
and purification steps performed in the protocol, we
observed contracting cell clumps after about 24–48 h of
culture (Figure 1). We refreshed the medium after every
48 h of culture. We used the Vi-CELL Cell Viability
Analyzer (Beckman Coulter, USA) in order to detect the
vitality of cells and video capture software (Coronus 3,
Research Instruments, UK) for the visualization of cellular
morphology.
In the next step, we confirmed the primary
cardiomyocyte cells by total RNA isolation and

Figure 1. Primary neonatal cardiomyoblast cells in culture. Visualization of cellular morphology under inverted microscope at 200×
magnification with Hoffman modulation contrast. Arrows indicate the rhythmic contracting cells after 2 days of culture.
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subsequently by analyzing heart tissue-specific expressions
of GATA binding protein 4 (Gata4), connexin 43 (Cnx43),
troponin T2 (Tnnt2), and alpha actin (Actc) by quantitative
real-time polymerase chain reaction (qRT-PCR). The
sequences of the primers are given in the Table.
2.5. RNA isolation and cDNA synthesis
We performed RNA isolation from adult heart tissue and
cultured neonatal primary cells by using the ToTALLY
RNA Total RNA Isolation Kit (Ambion, USA) according
to the manufacturer’s recommendations with minor
modifications. For cell culture, we diluted the RNA samples
in a final elution volume of 10 µL. We used Nano-Drop
(Thermo Scientific, USA) in order to detect the quantity
and quality of the samples. For cDNA synthesis, we used
1 µg and 100 ng of total RNA for tissue samples and cell
culture samples, respectively.
2.6. Northern blot analysis of Midn gene expression
pattern
The expression of the Midn gene was analyzed in heart and
skeletal muscle of adult mice using the Northern Max Kit
(Ambion). Briefly, total RNAs were blotted overnight on
a nitrocellulose membrane and subsequently ultraviolet
cross-linked. A 148-bp PCR product of the Midn transcript
(forward and reverse primers and probe sequences are
given in the Table) was labeled with digoxigenin-11-dUTP
alkali-labile (Roche Applied Sciences, Germany) using
a standard PCR labeling procedure. Hybridization was
performed with a Midn-specific probe at a concentration
of 75 ng/mL overnight at 48 °C. After hybridization,
membranes were washed with 2X and 0.5X SSC containing
0.1% SDS. Detection was carried with CSPD using the
DIG Nucleic Acid Detection Kit (Roche Applied Sciences).
Autoradiography was performed in order to visualize the
results. 18S and 28S ribosomal RNA band intensities were
used for the normalization of the results. Densitometric
analysis of blots were computed with ImageJ ver.1.50f3, an
image processing and analysis program (Schneider et al.,
2012).
2.7. Silencing of the Midn gene
After 60% confluency was achieved in 24-well culture
dishes, we performed silencing of the Midn gene in primary
mouse cardiomyocytes using pooled short interfering RNA
(siRNA) specific for mouse midnolin mRNA (On-Target
Plus Midnolin siRNA pool, pool of 4 different Midn siRNA)
and a cationic lipid agent (Dharmafect 1, Dharmacon,
USA) for the transfection of the cells according to the
manufacturer’s recommendations. In order to detect the
optimum amount of the transfection agent and siRNA in
primary cardiomyocyte cells, we performed toxicity tests
with serial dilutions of molecules. Briefly, primary cells
were seeded (3 × 104 cells/well) in 96-well culture dishes
and after 24 h of incubation in a humidified atmosphere at
37 °C and 5% CO2, cells were treated with serial dilutions

Table. Gene-specific primer and probe sequences.
Genes
Midn*
Gapdh*

Actb*

Bat3 *

Nedd8*

Ubb*

Ubc*

Sumo1*

Gata4‡

Tnnt2‡

Nkx‡

Cx43‡

Actc‡

Primer sequences
Forward

5’-aagctgcctgtgatatgtcca-3’

Reverse

5’-gataccccacagccggatt-3’

Forward

5’-tgagtatgtcgtggagtctact-3’

Reverse

5’-tcataccaggaaatgagcttga-3’

Forward

5’-gacccagatcatgtttgagacc-3’

Reverse

5’-tggtggtgaagctgtagcc-3’

Forward

5’-aaccttcaatcttcctagtg-3’

Reverse

5’-atttcttctgactccatg-3’

Forward

5’-atgctaattaaagtgaagac-3’

Reverse

5’-agagtgagaggatatgtgat-3’

Forward

5’-tggctattaattattcgg-3’

Reverse

5’-taccatgcaacaaaacct-3’

Forward

5’-agcccagtgttaccacca-3’

Reverse

5’-aagaactttattcaaagtg-3’

Forward

5’-acaggatagcagtgagata-3’

Reverse

5’-tcattttgaacaccacatta-3’

Forward

5’-agactagacatagaagcc-3’

Reverse

5’-aaggggtttgatgttcct-3’

Forward

5’-actctgatcgaggctca -3’

Reverse

5’-atgtaccctccaaagtgc-3’

Forward

5’-tacaagtgcaagcgacag-3’

Reverse

5’-gttcacgaagttgctgtt-3’

Forward

5’-acaaggttcaaagaaaaaga-3’

Reverse

5’-tcgattcaaatctgtgagt-3’

Forward

5’-ctgctggagaggttattcct -3’

Reverse

5’-ggaagagtgagcggcgcatc-3’

Prob Sequence for Midn Gene #
aagctgcctgtgatatgtccactgggctgaaattggaggccccaggcaggagcccacc
atagttctctctcttccctatgacaacttccccaaatagcattatccaccctggggggcag
ggggggaaaaatccggctgtggggtatc
*Gene-specific primers used in the analysis of gene expression
levels of the possible Midn-associated genes.
‡
Gene specific primers used in the validation of primary mouse
neonatal cardiomyoblast cells.
#
Sequence of the probe used in northern blot analysis of Midn in
adult mouse heart and skeletal tissues.
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of transfection agent (1:1 to 1:32; 200 ng to 6.75 ng) using
standard transfection protocol. Morphology and viability
of cells were evaluated daily up to 48 h and optimum
transfection reagent was identified as 1:4 dilution for this
cell type. For the optimization of siRNA dose, primary cells
were seeded in 24-well petri dishes and after incubation
under standard culture conditions they were transfected
with a serial dilution of Gapdh siRNA (5, 10, 30, 50, and 100
nM dilutions of siRNA) in combination with transfection
reagent (1:4 dilution) by standard transfection protocol.
After 24 h of culture, cells were harvested with trypsin
and total RNAs were extracted. Subsequently, qRT-PCR
was performed using Gapdh (glyceraldehyde-3-phosphate
dehydrogenase) specific primers in order to determine
the optimum siRNA dose for these cells. Beta actin
(Actb) expression levels were used for the normalization
of the average threshold cycle (Ct) values. As a result,
50 nM siRNA was used for further experiments. In the
experimental design, nontargeting siRNA (Dharmacon)
and mock trials were used as controls as well as nontreated
cell controls. Silencing experiments were repeated using
two different cell passages and studied in duplicate. After
Midn siRNA application, cells were harvested at 24 and 48
h of culture and the results were evaluated.
2.8. Quantitative real-time PCR analysis of Midn and its
associated genes
We designed gene-specific primers manually using
Oligoanalyzer 3.1 (IDT Technologies, http://www.idtdna.
com) and GeneWalker (Cybergene AB, http://www.
cybergene.se/primerdesign/genewalker/genewalker11.
html) algorithms and confirmed the sequence homology
using the BLAST (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) and NCBI Nucleotide (http://www.ncbi.nlm.nih.gov/
nuccore/) databases. qRT-PCR was carried out with the
LightCycler 480 (Roche Applied Science), using the 480
SYBR Green I Master Kit (Roche, Mannheim, Germany)
according to the manufacturer’s recommendations. Primer
sequences are given in the Table.
For expression analysis of the Midn gene in adult mice,
heart and skeletal muscle expression levels were compared
and expression levels of Actb were used to normalize the
results. For cell culture samples, the expression analysis
of Midn and its suggestive associated genes such as Bat3
(homolog of HLA-B-associated transcript 3; Scythe;
BAG6), Ubb (ubiquitin b), Ubc (ubiquitin c), Nedd8 (neural
precursor cell expressed, developmentally downregulated
8), and Sumo1 (small ubiquitin-like modifier 1) was
performed. Means of Actb expression levels were used for
the normalization of the values. All samples were studied
in duplicate and their average Ct levels were taken for
further analysis. Analysis of relative expression data was
performed by comparative Ct method (2–DDCt method)
and the results were expressed as relative quantification
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(RQ) values. The specificity of the amplified products was
confirmed by melting curve analysis.
2.9. Statistical analysis
Comparison of continuous variables (dCT and RQ values),
expressed as mean and standard error (SE), between
samples and controls was performed by Student t-test
using SPSS 14.0 (SPSS Inc., Chicago, IL, USA). P < 0.05
was considered statistically significant.
3. Results
3.1. Homology of SHL clone to Midn transcript
In the systematic bioinformatics analysis of our previously
established heart-specific subtractive hybridization cDNA
library (Komurcu-Bayrak et al., 2012), we detected a
clone with 284 nucleotide length sequence that showed
96% homology to the 3’UTR of the mouse Midn gene
(NM_021565.1; positions 3402–3682). According to
the NCBI and Ensembl databases, the mouse Midn gene
has three alternatively spliced transcripts (NM_021565,
NM_001305798, and NM_001305799) that differ
mainly in their 5’ coding region and transcript variant 1
(NM_021565) encoding the longest isoform (NP_067540).
The homology of the clone sequence to mouse and human
transcripts is given in Figure 2.
3.2. Expression of the Midn gene in adult heart tissue
In densitometric analysis of the northern blots, we found
that the Midn transcript was expressed twofold higher in
adult heart tissue when compared to skeletal muscle tissue
(Figure 3). We confirmed this finding with qRT-PCR
analysis with a 2.36 (±0.84)-fold higher expression level in
heart tissue compared to skeletal muscle tissue (P = 0.05).
The fold change value was derived from RQ values where
Midn expression levels were normalized by Actb levels in
each tissue.
3.3. Silencing of the Midn gene in primary neonatal
mouse cardiomyocytes
After 24 h and 48 h of Midn siRNA treatment in culture,
cells were harvested and total RNAs were isolated.
Subsequently, qRT-PCR was performed. RQ values were
derived in comparison to the nontargeting siRNA controls.
However, we observed that after 24 h of exposure to the
Midn-specific siRNA pool, the efficiency of silencing was
not high (0.75 (±0.34)-fold decrease, P = 0.05; Figure 4A).
On the other hand, we found that when compared to the
controls, Midn mRNA levels were increased by 4.2-fold
(±1.62, P = 0.03) after 48 h (Figure 4A). When compared
to 24 h, Midn level were increased by 5.6-fold after 48 h of
culture (P = 0.009).
3.4. Suggestive Midn-associated genes in cardiomyocyte
cells
In bioinformatics analysis using different tools, we
obtained scant information regarding Midn-associated
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Figure 2. Homology of clone sequence to mouse and human transcripts. NM_021565, NM_001305798, and NM_001305799 are
transcript variants of the Midn gene in mouse. NM_177401 is a human mRNA sequence. clone seq, sequence of the clone isolated from
SHL library. cons, consensus nucleotides between the sequences.

genes. However, it is well known that midnolin protein
contains an amino-terminal ubiquitin-like domain and
mouse Midn protein (NP_067540) shows 92.1% identity to
human protein (NP_796375). Depending on the results of

pathway analysis, protein function, and protein structure,
we selected Bat3, Nedd8, Ubb, Ubc, and Sumo1 to analyze
as possible Midn-associated genes in cardiomyocyte cells.
After 24 h of treatment with siRNA we analyzed
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Figure 3. Northern blot analysis of Midn gene expression in adult mouse. A) Radiography film after hybridization with Midn-labeled
probe (arrow). B) Visualization of total RNAs in 1% agarose gel after ethidium bromide staining. Lanes 1 and 3: heart tissue; Lanes 2 and
4: skeletal muscle tissue. 18S and 28S ribosomal RNAs are indicated with arrow heads.

Figure 4. Expression analysis of Midn and suggestive Midn-associated genes. A) Expression analysis of Midn gene after 24 h and 48 h of
silencing in cardiomyocyte cells relative to the control. B) Expression analysis of the analyzed genes. Data are expressed as mean ± SE of
RQs of duplicate experiments. RQ, relative quantity; *, P < 0.05; **, P = 0.009.

the expression levels of selected genes in primary
cardiomyocyte cells. We observed that expressions of
Bat3, Nedd8, and Ubc were 1.69-fold (P = 0.04), 1.21-fold
(P = 0.78), and 1.56-fold (P = 0.57) higher, respectively
in relation to the nontargeting siRNA control group
(Figure 4B). However, among these genes only Bat3 was
significant. Ubb mRNA levels were not different among
the groups (RQ = 1.01, P = 0.53), whereas Sumo1 had no
detectable expression in primary cardiomyocyte cells.
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4. Discussion
The developmental expression pattern of midnolin and its
cellular localization was previously shown by Tsukahara
(2000). Additionally, Midn was associated with certain
molecular mechanisms in the ovary (Zielak et al., 2008)
and pancreatic beta cells Hofmeister-Brix et al., 2013).
However, the exact role of midnolin and the involvement
of its ubiquitin-like domain in cellular processes in other
cell types and tissues have not been investigated yet. In this
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study, we have analyzed Midn gene expression in primary
neonatal mouse cardiomyocyte cells and, after silencing
of Midn, we have identified Bat3 as a possible Midnassociated gene.
Due to the ubiquitin-like domain of midnolin protein,
it was suggested that Midn might function in proteasomal
degradation, thereby taking part in the regulation of
proteins throughout the cell. However, recent evidence
supports that ubiquitin-like domains are not only involved
in proteasomal machinery but also contribute to other
regulatory processes (Su and Lau, 2009), such as cellular
protein localization and signaling (Grabbe and Dikic,
2009).
In our study, we have detected increased levels of
the Bat3, Nedd8, and Ubc genes, although only the first
gene had significant fold change after 24 h of silencing
in cardiomyocytes. Protein products of these three genes
function in protein modification mechanisms and, similar
to Midn, Bat3 contains an N-terminal ubiquitin-like
domain. Bat3 was detected ubiquitously in cells and it
was postulated that it was involved in diverse processes
within the cell such as targeting of proteins to endoplasmic
reticulum (Leznicki et al., 2010) and regulation in
diverse signaling pathways including apoptosis and NK
cell signaling (Goto et al., 2011). Furthermore, Bat3deficient mouse embryos exhibited developmental defects
associated with aberrant apoptosis and proliferation and
it was shown that Bat3 was crucial in the modulation of
these events in mammalian development (Desmots et al.,
2005). Moreover, it was concluded that human BAT3 takes
part in the control of DNA damage-induced acetylation of
p53 (Sasaki et al., 2007) and endoplasmic reticulum stressmediated apoptosis in culture (Desmots et al., 2008).
Neddylation is a type of posttranslational modification
of proteins closely related to the ubiquitination system.
Nedd8 is an ubiquitin-like protein and Nedd8-mediated
neddylation was reported to be highly tissue-specific
(Rabut and Peter, 2008), with the highest expression
in cardiac and skeletal muscles (Kamitani et al., 1997).
Furthermore, Nedd8-mediated neddylation of target
proteins was associated with various critical regulatory
processes such as control of ubiquitination, signaling
transduction, autophagy, and cell death (Kandala et al.,
2014). Additionally, dysregulation of neddylation by
NEDD8 has been associated with some human diseases
such as cancer (Chairatvit and Ngamkitidechakul, 2007),
neurodegenerative disorders (Mori et al., 2005), and, more
recently, cardiac disease (Su et al., 2011). It is important
that molecules related to cardiac pathological conditions
such as p53 and EGFR were shown to be the direct
targets of neddylation. Furthermore, a potential role for
neddylation in mitochondria turnover, which was related

to cardiac pathophysiology (Andres et al., 2015), has also
been suggested (Gong and Yeh, 1999).
Cellular ubiquitin level is important in proliferation
and response to cellular stress, and Ubc is one of the two
stress-inducible polyubiquitin genes in mammals other
than Ubb. It was shown that mouse Ubc protein was
crucial in cell-cycle progression and stress tolerance and
could not be compensated by other polyubiquitins (Ryu et
al., 2007). However, mouse Ubb was found to be essential
for the progression of meiosis (Ryu et al., 2008). In our
study, we observed that after transfection of primary
cardiomyocytes with Midn siRNA, Ubc gene expression
was increased 1.56-fold, whereas the Ubb expression level
was not comparable to the controls.
All these data suggest that Midn expression might be
crucial for cardiomyocyte function and dysregulation of
its expression might lead to cellular stress. This assumption
could further be supported by almost sixfold increase in
Midn expression levels after 48 h of siRNA transfection. As
a compensation mechanism, Midn mRNA levels might be
positively regulated in a shorter time period. This might
be one reason why we could not observe high-efficiency
silencing of the Midn gene after 24 h of siRNA application.
One major limitation of this study is the time intervals
of mRNA analysis after siRNA application. Since we could
not establish the silencing of Midn mRNA with a higher
efficiency at 24 h, it is obvious that shorter treatment
intervals such as 6 h or 12 h would be appropriate for the
detection of silencing of the Midn gene. It is also possible
that when analyzed at earlier time points, Bat3, Nedd8,
and Ubc might be detected with higher fold changes. One
other limitation is that we have not analyzed the protein
levels of both Midn and its suggestive associated proteins.
Third, detected genes should be evaluated in another cell
line other than cardiomyocyte cells in order to evaluate
whether this association could be observed in other cells.
In conclusion, Midn is a developmentally regulated
gene and its protein product is involved in the regulatory
steps of specific molecular mechanisms. It is therefore
important to identify which cellular proteins are associated
with Midn, how this association affects their function, and
how Midn is regulated in cardiac tissue. In this study, we
have identified Bat3 as a putative Midn-associated gene in
primary cardiomyocyte cells. However, the exact cellular
pathways in which Midn associates with this gene remain
to be elucidated.
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Appendix. Isolation and culture of primary neonatal
cardiomyocytes
We established a modified protocol for isolation of
neonatal cardiomyocyte cells (Özsait Selçuk, 2010) based
on other studies performed on rats or mice (Nuss and
Marban, 1994; Salameh and Dhein, 2005; Schlüter and
Piper, 2005; Sreejit et al., 2008).
After dissection, heart tissue was rinsed twice in icecold PBS containing 20 mM glucose. We dissected heart
tissues mechanically using fine-end scissors in 100 ×
20 petri dishes containing fresh PBS-glucose solution.
Subsequently, we transferred the tissue homogenate to a 15mL conical centrifuge tube containing 5 mL of collagenase
B (1 mg/1 mL in PBS-glucose solution) and incubated it at
37 °C for 5 min in a water bath with a shaking option. After
the incubation, we collected the supernatant, transferred
it to a new centrifuge tube, and added a 1:1 volume of cell
culture medium containing 10% fetal bovine serum (FBS)
(v:v, supernatant: DMEM F12). Additionally, we repeated
the enzymatic digestion and centrifuge procedure for
the lower phase containing undigested tissue particles 5
more times. We then centrifuged the pooled supernatants.

We suspended the pelleted cells, seeded them in 25cm2 cell culture flasks containing 5 mL of DMEM F12
supplemented with 10% FBS, and incubated them for 1 h
in a humidified atmosphere at 37 °C and 5% CO2 in order
to select a fibroblast-free cardiomyocyte cell population.
After the incubation, we collected the nonattached cells in
the cell culture medium.
In order to further purify the cardiomyocyte cell
population in the cultured cells, we then used a cell culture
medium-based approach. We seeded the collected cell
supernatants on petri dishes of 60 × 20 cm2 layered with
1% gelatin containing day 1 culture medium (DMEM F12
supplemented with 5% FBS, 10% HS, and 3 mM sodium
pyruvate) in a humidified atmosphere at 37 °C and 5%
CO2. On day 2, we replaced the medium with day 2 culture
medium (DMEM F12 supplemented with 1% FBS, 10% HS,
and 3 mM sodium pyruvate). We refreshed the medium
every 48 h of culture. We used the Vi-CELL Cell Viability
Analyzer (Beckman Coulter, USA) in order to detect the
vitality of cells and video capture software (Coronus 3,
Research Instruments, UK) for the visualization of cellular
morphology.
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